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most highly mineralized substance of the human body. The
interwoven architecture of enamel rods contributes to its
strength and resistance to fracture. However, these rods
still cannot prevent damage to the enamel caused by
injury, dental caries, or developmental defects. It is a well-
known fact that enamel is formed by terminally differen-
tiated ameloblasts that are induced by dental mesenchyme
signals. Once the formation of enamel is complete and the
tooth erupts, the ameloblasts commit apoptosis; further-
more, the enamel compartment is acellular in nature and
has no blood/nerve supply to support self-regeneration.
Defects in enamel may expose the underlying dentin
with dentinal tubules, leading to sensitivity or pain, as well
as allowing bacterial penetration, tooth pulp infection, and
inflammation. In order to prevent the problem from
advancing as well as to protect the tooth and improve
cosmetic appearance, acid-etching techniques and appli-
cation of artificial materials such as resin, amalgam, and
other similar use materials are used by dentists. Resin
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ever, it may not be the most appropriate therapy due to the
flaws of resin composites and postoperative sensitivity
caused by acid etching.1 Therefore, establishing a novel
therapy by engineering bio-enamel would be promising in
repairing enamel defects.
Cell-based tooth engineering has been the predominant
approach in tooth regeneration. The inductive potential of
dental mesenchymal cells to direct nondental epithelial
cells into ameloblast-lineage differentiation provides an
alternative approach to the conventional enamel-defect
restoration methods using artificial substitutes and acid-
etching techniques.
The computer-aided design/computer-aided manufac-
ture (CAD/CAM) has been a vital tool in the treatment of
tooth defects. Intra-oral scanners, such as the Lava C.O.S.
system (3M), capture precise three-dimensional (3D) data
of the shape and size of tooth defects directly without
taking an impression, helping the patients to get the most
appropriate cosmetic appearance as well as restoring the
tooth function. In principle, intra-oral information is ob-
tained using chairside scanners, and data are then pro-
cessed by software which designs the defect restoration
automatically.
In this article, we present a hypothesis that cell culture-
based CAD/CAM can be used as a novel method for the
treatment of enamel defects. The enamel defect is first
scanned, following which the bioscaffold is designed by the
CAD/CAM technique. Human dental pulp cells modified by& Formosan Medical Association. All rights reserved.
488 M. Wan et al.growth factors are cocultured with nondental epithelial
cells and the latter are induced into ameloblasts. These
ameloblasts secrete enamel matrix and complete enamel
mineralization under certain niches. Finally, the regener-
ated enamel inlays or onlays will be cemented to the
original tooth as normally done using a traditional porcelain
or resin inlay in a clinic.Evaluation of the hypothesis
Nondental epithelial cells and dental pulp cells
provide supplement source of seed cells
Fetal dental epithelial cells, including enamel organ
epithelial cells and epithelial cell rests of Malassez, can be
cultured in vivo and are reported to retain the capacity to
produce enamel.2 However, the use of these cells is
restricted due to ethical concerns. Moreover, ex vivo dental
epithelial expansion is difficult. Fortunately, it has been
well proved that nondental epithelial cells can be differ-
entiated into dental epithelial cells, or even enamel-
forming cells.3 Other epithelial cells with better accessi-
bility, such as bulge cells, may contribute to a nondental
epithelial cell source of ameloblast differentiation, and
such cells have shown promising results for future clinical
practice.
Tooth formation relies on both the epithelial and
mesenchymal compartments.4 Currently, numerous
mesenchymal cell sources have been proved to be odon-
togenic, including adult dental pulp stem cells, stem cells
from human exfoliated deciduous teeth, periodontal liga-
ment stem cells, stem cells from apical papilla, and dental
follicle progenitor cells. All of these cell types are tempo-
rally specific and ethically challenged, preventing their
application in clinical settings. As dental medical waste,
human dental pulp cells are well accessible. After modifi-
cation by odontogenic-associated growth factors, human
dental pulp cells imitate fetal dental papilla cells and are
capable of triggering ameloblast-lineage differentiation of
nondental epithelial cells.
Advancement in technology makes shape, size, and
color control possible
It is essential that the regenerated enamel acquires the
correct morphology and size. Enamel is formed as a result
of a series of complex, dynamic, and programmed cellular,
chemical, and physiological events, which are difficult to
control in vitro.5 Several secreted signaling molecules, such
as bone morphogenetic proteins (BMPs), fibroblast growth
factors (FGFs), Wnt signaling proteins (Wnts), and sonic
hedgehog (Shh), are expressed in the epithelium and
function as morphogens that control the generation of
tooth shape.6 Control of enamel size and shape has long
been a challenge in tooth regeneration. However, CAD/CAM
may efficiently facilitate the determination of shape and
size directly. The CAM designs a real container made of
bioscaffold material with the appropriate shape. Human
dental pulp cells modified by growth factors were attached
at the bottom of the scaffold and nondental epithelial cellswere seeded into the scaffold. The two compartments
interact with each other through microchannels in the
scaffold. With the ready-to-use bioscaffold, the cells and
bioactive signals will be “printed” in the 3D bioscaffold by
bioprinting.7 When the tissue matures after in vitro cocul-
ture in the niche, it will be harvested and tailored through
subtractive manufacturing by CAM once again, in order to
obtain a more precise shape.
The enamel in humans is characterized by diverse colors.
Even in teeth of the same individual or in different positions
of the same tooth, a variety of colors can often be observed.
Transportation of ions in and out of the enamel matrix
contributes to the color of the enamel.8 However, little in-
formation is available as to how ions control color variability
in human enamel. Injection printing technology can solve
this problem by propelling individual small droplets of “ink”
toward a substrate. Using this technology, the University of
Sheffield has developed colored soft-tissue prostheses.9
Therefore, the technology may be capable of producing
any color the patient needs to match the original tooth.
The importance of supplementing growth factors
Several growth factors have been proved to be crucial in the
organogenesis because of their capability to induce cell
proliferation, differentiation, adhesion, and migration.10
These substances play an important role in odontogenesis
aswell. Theexpression level of thesegrowth factorsmayvary
in adult dental pulp cells,with lowexpression levels resulting
in the reduction of their inductive ability. Through high-
throughput technology, dental pulp cells can be compared
with dental papilla cells in their expression of odontogenic-
associated growth factors. After modification with growth
factors, adult dental pulp cells may regain the odontogenic
inductive ability and be capable of inducing ameloblast-
lineage differentiation of the nondental epithelial cells.
Together with CAD/CAM bioscaffold, the bio-enamel for
enamel-defect restoration could be accomplished.
The existence of imperfectdtime and cost
Time has been a challenging factor for enamel engineering.
The whole process of engineering enamel of human per-
manent teeth may take more than 5 years and might be
regulated by complex interactions of clock genes.11 This
long-term physiological procedure may extinguish the
patient’s passion for the regenerated enamel, who looks
forward to immediate treatment. Cost is another challenge
that hinders the application of this proposed method in
clinical settings. Although ceramic inlays/onlays present
various disadvantages including fracture and marginal
microleakage, ceramic restorations are currently afford-
able and well accepted. In addition, patients may not be
willing to spend enormous amounts of money to restore an
enamel defect with bio-enamel.
Artificial substitution for enamel defect has several
limitations. Enamel bioengineering may be an ideal alter-
native. The hypothesis presented in this article may make
this dream come true. First, the seed cells can be obtained
easily without age limitation or hurting the patients/tis-
sues. Second, the shape and size could be controlled to
Cell culture-based CAD/CAM bio-enamel 489match the tissue defect precisely. Although this technology
is restricted by the high cost and the relatively long treat-
ment duration, it is still worth great efforts.
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